The Plasmodium falciparum liver-stage antigen 3 (LSA3), a recently identified preerythrocytic antigen, induces protection against malaria in chimpanzees. Using antibodies from individuals with hyperimmunity to malaria affinity purified on recombinant or synthetic polypeptides of LSA3, we identified four non-crossreactive B-cell epitopes in Plasmodium yoelii preerythrocytic stages. On sporozoites the P. yoelii protein detected has a molecular mass similar to that of LSA3. T-cell epitopes cross-reacting with P. yoelii were also demonstrated using peripheral blood lymphocytes from LSA3-immunized chimpanzees. In contrast, no cross-reactive epitopes were found in Plasmodium berghei. LSA3-specific human antibodies exerted up to 100% inhibition of in vitro invasion of P. yoelii sporozoites into mouse hepatocytes. This strong in vitro activity was reproduced in vivo by passive transfer of LSA3 antibodies. These results indicate that the homologous epitopes may be biologically functional and suggest that P. yoelii could be used as a model to assess the antisporozoite activity of anti-LSA3 antibodies.
The development of a malaria preerythrocytic vaccine has been greatly influenced by the observation that sterile immunity could be experimentally induced in humans by immunization with Plasmodium falciparum radiation-attenuated sporozoites (9) . The critical role of liver-stage trophozoites (reviewed in reference 16) led researchers to initiate a detailed study of the antigens expressed in P. falciparum preerythrocytic stages (22) . To date, scientists have identified a series of new molecules expressed at sporozoite and/or liver stage (14) . Liver-stage antigen 3 (LSA3), expressed on both the sporozoite surface and in the liver forms, was found to be of particular interest. LSA3 was identified by differential screening of immune responses from protected versus nonprotected volunteers (11) . A number of dominant B-and T-cell epitopes to which a high prevalence of responses is detected in individuals exposed to malaria or in LSA3-immunized animals were identified (1, 2) . The vaccine potential of this molecule has been recently demonstrated in the chimpanzee model, an animal susceptible and fully receptive to P. falciparum preerythrocytic stages and whose immune system is closest to that of humans. In this model, protection against successive challenges with P. falciparum sporozoites was obtained (11) . However, the use of this primate for research purposes is severely hampered by cost and ethical constraints.
Several homologues of P. falciparum antigens have been identified, through a variety of immunological and molecular cross-reactivity assays, in other Plasmodium species and particularly in those infecting rodents (5, 10, 12, 13, 27, 28) . The identification of structurally and functionally conserved homologues of P. falciparum proteins in rodent malaria species might help to better understand the role of these molecules in the P. falciparum parasite life cycle. This is particularly true for preerythrocytic stages, where the relative ease of obtaining sporozoites and mouse primary hepatocytes would allow more extensive investigations to be carried out.
In the process of identification of LSA3, a preerythrocytic subset of P. falciparum genomic fragments (22) was used to affinity purify antibodies (Abs) from sera of individuals with hyperimmunity to malaria. These Abs were consequently checked for immunofluorescence antibody test (IFAT) crossreactivity with rodent malaria sporozoites, and in this assay Abs against all clones coding for various fragments of LSA3 proved to be strongly reactive with Plasmodium yoelii sporozoites but not with those from Plasmodium berghei.
The present study was undertaken to investigate the extent of antigenic cross-reactivity between the LSA3 molecule and its putative homologue in P. yoelii and to determine whether specific human Abs are of biological significance in the mouse model. We show that such cross-reactivity exists for human anti-LSA3 Abs, which encompass four distinct LSA3 epitopes, including both nonrepeated and repeated domains, and extend to both sporozoite and liver stages of P. yoelii. A similar result was obtained using Abs from chimpanzees immunized with LSA3. Moreover, P. yoelii, but not P. berghei, sporozoites were able to induce dose-dependent proliferation of T cells collected from one of these animals. Finally, we have established that these homologous epitopes are targets for immune responses which have a biological consequence, since LSA3-specific human Abs inhibit the invasion of P. yoelii sporozoites into mouse hepatocytes both in vitro and in vivo.
Tek; SAKURA, Zoeterwoude, The Netherlands), and frozen sections were prepared for use in IFAT. Blood stages of the two rodent malaria species were obtained by infecting BALB/c mice with 10 4 infected red blood cells. Thin blood smears were made when parasitemia reached 20 to 25%.
IFAT. The reactivity of human and animal Abs with either sporozoites, infected hepatocytes, or infected erythrocytes was assessed by incubating antibodies for 30 min at 37°C with (i) glutaraldehyde-fixed sporozoites, (ii) cryosections of infected liver tissue fixed 10 min in cold acetone (Ϫ20°C), and (iii) air-dried, acetone-fixed, blood-stage parasites. The slides were then washed three times with PBS, and the contents were incubated for a further 30 min with fluorescein isothiocyanate-labeled goat anti-human immunoglobulin G (IgG), IgA, and IgM (Diagnostic Pasteur, Rarnes-la-Coquette, France) or anti-mouse IgG, IgA, and IgM (Cappel; Organon Teknika, West Chester, Pa.). In all cases, they were diluted 1/200 in PBS supplemented with 1/2,000 Evans blue.
Western blot analysis. Proteins from 10 6 P. yoelii sporozoites were solubilized in sodium dodecyl sulfate-containing sample buffer, subjected to electrophoresis under reducing conditions on sodium dodecyl sulfide-5% polyacrylamide gels, electroblotted onto nitrocellulose membranes, and incubated with Abs as described previously (17) .
ELISA. The ELISA was performed essentially as described in reference 4. Prior to conducting the ELISA, for each recombinant protein and each synthetic peptide, preliminary experiments were made to determine the optimal conditions for coating and for subsequent incubations with the same sera from hyperimmune individuals used in this study (SHI1 to SHI8) and 10 serum samples from healthy French blood donors with no history of malaria exposure. Hence, optimal antigen concentrations employed differ from one molecule to the other and particularly between recombinants and synthetic peptides. The Ab ratio was calculated by dividing the mean optical density at 492 nm (OD 492 ) of the test serum by the mean plus 3 standard deviations of the 10 control serum samples from the same plates. Briefly, 96-well ELISA plates (Nunc, Roskilde, Denmark) were coated overnight at 4°C with 50 l of recombinant proteins at 0.5 g/ml (GST-729 and GST-NN) or 10 g/ml (GST-PC and GST-DG671) or with 50 l of synthetic peptide solution at 10 g/ml (LSA3-RE), 3 g/ml (LSA3-NRI and LSA3-NRII) in PBS (pH 7.4), or 5 g/ml (SALSA2) in Tris, pH 7.4. ELISA was performed in duplicate as previously described (4) . Human affinity-purified Abs were tested undiluted, and sera from mice infected with P. yoelii were tested at 1/100 dilution. Peroxidase anti-human IgG (heavy plus light chains) and antimouse IgG (heavy plus light chains) (Biosys, Compiègne, France) were used as the second Ab. The results are expressed as the mean OD for human affinitypurified Abs and for mouse sera as a ratio of the mean OD of the sera from immunized mice to the mean OD of sera from preimmune mice.
T-cell assays. Heparinized venous blood, collected from chimpanzee Gerda (immunized by LSA3 lipopeptide NRII), was used to isolate peripheral blood mononuclear cells (PBMC) by centrifugation on Ficoll-Hypaque density gradient, which were then used for the T-cell proliferation assay (1) Inhibition-of-liver-stage-development assay. Human Abs affinity purified upon the recombinant protein DG729 (LSA3) were tested for their inhibitory effect on P. yoelii invasion into hepatocytes as previously described (24) . Human anti-DG671 (SALSA) antibodies were used as controls. Briefly, mouse hepatocytes FIG. 1. Location of the various LSA3 peptides and recombinant proteins. R1, R2, and R3 represent repeat regions. DG729, NN, and PC sequences were expressed as either GST-fused or ␤-Gal-fused recombinant proteins (see Materials and Methods).
suspended in complete medium were seeded in eight-chamber Lab-Tek plastic slides (Nunc Inc., Naperville, Ill.) at a ratio of 10 5 cells/chamber. After a 24-h incubation at 37°C in a 5% CO 2 atmosphere, the medium was removed and both anti-DG729 Abs (or anti-SALSA Abs) and 6 ϫ 10 4 P. yoelii or P. berghei sporozoites (clone 1.1 or ANKA strain, respectively) suspended in culture medium were simultaneously added to hepatocyte cultures. After 3 h at 37°C, the medium containing Abs and noninvaded sporozoites was discarded and replaced by fresh medium. After 48 h of culture, hepatocytes were fixed for 10 min in cold methanol and developing P. yoelii liver stages were identified by IFAT with the monoclonal Ab (MAb) NYLS3 as described in reference 8 by epifluorescence, using an Olympus UV microscope. The human Abs were tested at a concentration corresponding to their IFAT end point titer (1/2), at which the reactivity on the surface of the sporozoites was still detectable.
Parallel experiments were performed with P. berghei to evaluate interspecies inhibition. The MAb directed against the circumsporozoite protein (CS) of P. berghei was used as control of inhibition of P. berghei sporozoite invasion and to detect P. berghei liver schizonts by IFAT staining, as described in reference 8. The anti-CS MAb of P. berghei was used at a dilution of 5 ϫ 10 Ϫ4 (IFAT end point titer of 10
Ϫ6
). The total number of liver schizonts in each culture well was counted and used to calculate the mean number of the liver schizonts in duplicate culture wells. Results were expressed as the percentage of inhibition: (number of liver schizonts in control Ϫ number of liver schizonts in test/number of liver schizonts in control) ϫ 100.
In vivo passive protection by Abs. To assess the in vivo effects of human affinity-purified Abs on the development of P. yoelii, 100 g of either anti-DG729-specific Ab, control human anti-DG671 Abs, or RPMI medium per ml was added to 150 sporozoites of P. yoelii. The two components were mixed in a 1-ml syringe immediately before i.v. inoculation into the tail vein of BALB/c mice. Parasitemia was monitored from day 4 to day 21 by microscopic examination of Giemsa-stained thin smears of tail blood. The binding of the Abs to the sporozoites was tested by a direct fluorescence assay using the mixture remaining in the syringe after inoculation. A drop of this mixture was spread on a glass slide, air dried, and fixed for 10 min in acetone. Fluorescein isothiocyanate-labeled goat anti-human IgG, IgA, or IgM (Diagnostic Pasteur) was then added at 1/200 dilution for 30 min at 37°C. The slides were then washed, mounted in 30% glycerol in PBS, and examined under UV light.
RESULTS
Human anti-P. falciparum LSA3 Abs react with P. yoelii preerythrocytic stages. Abs from hyperimmune individuals were affinity purified on three recombinant fusion proteins previously reported as ␤-Gal-DG729, GST-NN, and GST-PC (11) , which correspond to the N-terminal region, the R2 repeats, and the C-terminal region of LSA3, respectively (Fig. 1) . Anti-DG729 and -NN (containing Glu-rich repeat regions) and anti-PC Abs proved to define distinct groups of non-crossreactive epitopes (Table 1 ). The three isolated Ab fractions were tested by IFAT upon sporozoites from P. falciparum and from the two rodent malaria species P. yoelii and P. berghei. Strong surface labeling of the P. falciparum and P. yoelii sporozoites, but not of those of P. berghei, was observed for all three Ab fractions (Table 2 ). Epitopes contained within the DG729 recombinant protein were further analyzed using human Abs immunopurified on synthetic peptides corresponding to the repeat (LSA3-RE) or the nonrepeat (LSA3-NRII) regions (Fig. 1) . These two peptides define non-cross-reactive epitopes (Table 1) , and Abs specifically directed to each peptide also showed strong cross-reactivity with P. yoelii sporozoites ( Table  2) . No IFAT labeling of P. yoelii or P. berghei sporozoites was obtained using human Abs affinity purified on recombinant protein DG671 or the synthetic peptide SALSA2 from the P. falciparum preerythrocytic SALSA molecule (3) .
Having established that naturally occurring human anti-LSA3 Abs cross-reacted with P. yoelii sporozoites, we next investigated the reactivity of antibodies induced in LSA3-immunized chimpanzees. Sera from two chimpanzees, Gerda and Dirk, immunized with the lipopeptide NRII and the recombi- 
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a Results from IFAT using human affinity-purified Abs or sera from immunized chimpanzees and sporozoites from the three species: P. falciparum (NF54), P. yoelii (17XNL), and P. berghei (ANKA). Abs were affinity purified on LSA3 recombinant proteins (␤-Gal-DG729, GST-NN, and GST-PC) and on LSA3 synthetic peptides (LSA3-RE and LSA3-NRII). Control Abs were purified on ␤-Gal-DG671 (SALSA) and on the synthetic peptide SALSA2. For chimpanzee sera, the titer was determined; a titer of Ն1/100 was considered positive. Affinitypurified Abs were used undiluted: therefore, results are expressed as negative or positive (a positivity score of ϩϩϩ usually corresponds to a titer of Ͼ1:50).
nant protein DG729, respectively (1, 11), were tested. These Abs also reacted at high titers with P. falciparum and P. yoelii sporozoites, and again no reactivity was observed with P. berghei sporozoites ( Table 2 ). The serum from Bart, a chimpanzee immunized with the recombinant SALSA molecule (3), used as control, reacted only with P. falciparum sporozoites ( Table 2) .
By using P. falciparum and P. yoelii sporozoites, a similar pattern with an even distribution over the entire sporozoite surface was obtained with anti-LSA3 Abs in IFAT (Fig. 2B) . In both cases all the sporozoites were labeled. The intensity and pattern of the fluorescence were similar when sporozoites from different P. yoelii lines (265BY, 17XNL, or clone 1.1) were used (data not shown), indicating that the cross-reactive P. yoelii epitopes display little or no polymorphism. (Table 3) , showing the detachment of the sporozoite membrane induced by anti-LSA3 antibodies upon live P. yoelii sporozoites. White bars, 10 m.
Western-blotted P. yoelii sporozoite extracts, probed with human affinity-purified Abs specific to either the N-terminal (DG729) or the C-terminal (PC) ( Fig. 2A) regions of LSA3, showed reactivity with a 205-kDa polypeptide, whereas control Abs purified on the SALSA protein were negative.
The cross-species reactivity was also investigated for liverstage parasites using human anti-DG729 Abs (Fig. 2C) , human anti-PC Abs, and chimpanzee anti-LSA3-NRII Abs. All proved equally and strongly reactive with P. yoelii mature liver schizonts. The distribution of the antigen in the P. yoelii liver forms was similar to that found in P. falciparum. In both species it was localized to the flocculent material present in the parasitophorous vacuole, as well as around the pseudocytomeres and mature liver merozoites (Fig. 2C) . When tested on asexual and sexual blood stages of both P. yoelii and P. berghei, the anti-LSA3 Abs were negative, suggesting that the putative cross-reactive P. yoelii homologue is not expressed in erythrocytic stages.
LSA3 shares T-cell epitopes with P. yoelii sporozoite stage. In a previous study, it was reported that T cells from chimpanzee Gerda immunized with the LSA3-NRII lipopeptide could specifically respond to in vitro stimulation by native LSA3, whereas control nonimmunized chimpanzees did not (1, 2). We therefore investigated the presence of cross-reactive T-cell epitopes in the rodent parasite molecule. A strong proliferative response of T cells derived from an LSA3-immunized chimpanzee was observed in a dose-dependent manner when a P. yoelii sporozoite extract was used as antigen (Fig. 3) . These cells were not stimulated when P. berghei sporozoite extracts were used (Fig. 3) , demonstrating the specificity of the T-cell responses induced by P. yoelii sporozoite extracts.
Anti-P. yoelii Abs induced in mice cross-react with P. falciparum LSA3. Conversely, infection of mice with live P. yoelii sporozoites also induced IgG Abs that reacted with the three synthetic peptides LSA3-RE, LSA3-NRI, and LSA3-NRII, with mean ELISA ratios of 7.1, 10, and 7.2, respectively. This cross-reactivity was detectable on day 6 after the infection induced by sporozoites, when the blood parasitemia was only 0.01%. In contrast, in mice infected with parasitized red blood cells, serum taken at day 14 (anti-blood-stage IFAT Ab titer of 5,400) contained no cross-reactive Abs (mean ELISA ratio of Ͻ1.5, using each of the three peptides). No cross-reactive Abs were found in sera from mice infected with P. berghei sporozoites (data not shown).
Invasion of P. yoelii sporozoites into mouse hepatocytes is strongly reduced by naturally acquired human anti-LSA3 Abs. Having demonstrated the existence of shared B-cell epitopes between LSA3 and P. yoelii preerythrocytic stages, we examined the effect of anti-LSA3 Abs on in vitro invasion of murine hepatocytes by P. yoelii sporozoites. P. berghei sporozoites were used as control.
Experiments using the two rodent species were conducted in parallel, i.e., performed using a single hepatocyte preparation (Fig. 4) . We found 99 to 100% inhibition of P. yoelii sporozoite invasion, when a preparation of human Ab affinity purified against DG729 at an IFAT end point titer as low as 1/2, was used. Inversely, Abs from the non-cross-reactive antigen (SALSA) had little or no effect (Ͻ10% inhibition). The inhibitory effect was strain independent, since similar results were obtained when sporozoites from the 265BY strain of the parasite were used (data not shown), but was species specific, since no inhibition was observed with P. berghei sporozoites.
Human anti-LSA3 Abs protect mice against an infection with P. yoelii sporozoites. The human affinity-purified anti-DG729 (LSA3) or anti-DG671 (SALSA) Abs were further FIG. 3 . T-cell responses to P. yoelii sporozoite extract. Antisporozoite proliferative responses of lymphocytes from chimpanzee Gerda sampled 4 weeks after the third immunizing dose with lipopeptide LSA3-NRII. PBMC from Gerda were prepared and were incubated with freeze-thawed P. yoelii or P. berghei sporozoites at concentrations ranging from 50 to 5,000 sporozoites per 2 ϫ 10 5 cells (given as x axis). Experimental and control wells were run in triplicate. The results are presented as stimulation indices calculated as the ratio of geometric mean counts per minute from Ag-stimulated cultures to the value from cultures without Ag. The mean background counts per minute of responses in control cultures without Ag was 2,659 for Gerda .   FIG. 4 . In vitro inhibition of hepatocyte invasion by P. yoelii sporozoites. The inhibitory effect of human anti-LSA3 Abs was evaluated upon P. yoelii or P. berghei sporozoite invasion into mice hepatocytes. Abs were affinity purified on the recombinant protein ␤-Gal-DG729 (LSA3-Nterm) or ␤-Gal-DG671 (SALSA). Anti-SALSA Abs (␣-SALSA) were used as control for human Abs (␣-LSA3). The anti-CS MAb of P. berghei was used as control for the P. berghei sporozoite invasion. The human Abs were tested at a concentration corresponding to their IFAT end point titer (1/2). The anti-CS MAb of P. berghei was used at a dilution of 5 ϫ 10 Ϫ4 (IFAT end point titer of 10
Ϫ6
). All samples were tested in duplicate. The number of liver schizonts was counted in each well, and the percentage of inhibition was calculated compared to that for control wells to which no Abs were added. The numbers of P. yoelii and P. berghei liver schizonts in control wells without Abs were 101.5 Ϯ 15.45 and 110.5 Ϯ 21.70, respectively.
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P. FALCIPARUM Abs INHIBIT P. YOELII SPOROZOITES 3849 tested in passive transfer experiments. Groups of six mice were used in duplicate experiments. In each group two mice were injected with sporozoites mixed with anti-DG729 Abs, two were injected with sporozoites mixed with anti-DG671 Abs, and the last two mice served as infectivity controls. We found that all mice receiving the anti-DG729 Abs were completely protected, with no parasites detectable in the blood from day 4 to day 21 postinoculation. Conversely, control mice who received sporozoites preincubated with anti-DG671 Abs or untreated sporozoites had a patent parasitemia from day 5, and the infection followed a normal course (Table 3) . Direct immunofluorescence assays, performed using an aliquot of the injected preparation containing live sporozoites and human anti-DG729 Abs, showed that Abs labeled the whole surface of the P. yoelii sporozoite and induced a reaction (Fig. 2D ) similar to that previously described with anti-CS protein Abs, termed the precipitin reaction (30) . The sporozoites mixed with human Abs specific to SALSA were not labeled, and no change in their morphology was observed.
DISCUSSION
Research on the development of vaccines against P. falciparum malaria has been severely hampered by the narrow host specificity of the human parasite (19) , which precludes the use of common laboratory animals. This limitation is particularly marked when the preerythrocytic stage antigens are targeted. In this context, homologous antigens of rodent parasite species that are recognized by naturally acquired human Abs would allow one to carry out functional investigations in the more amenable laboratory models. In this article we present evidence that the preerythrocytic LSA3 antigen of P. falciparum, a new and very promising vaccine candidate, has an antigenic homologue in P. yoelii.
The cross-reactivity of human anti-LSA3 Abs, affinity purified against the N terminus of the molecule, was first observed in IFAT assays using P. yoelii sporozoites. This cross-reactivity was further characterized using recombinant proteins and synthetic peptides representative of the whole molecule. Our results suggest that there is an LSA3 analogue in P. yoelii. All the LSA3-specific Abs tested cross-reacted with the three different lines of P. yoelii used in this study. The pattern of expression of this putative analogue was found to be similar to that described for the human parasite P. falciparum (11) , namely, strong specific labeling of sporozoite surface and liver schizonts but not of erythrocytic forms. The protein in the rodent parasite also has a molecular mass close to the 200-kDa mass of the K1 strain LSA3 (11) . It should be pointed out that LSA3 has a repeated region which is polymorphic in length between different strains; thus, LSA3 of the NF54 strain is 175 kDa.
Our results indicate the presence of shared B-and T-cell epitopes between the P. falciparum LSA3 and a molecule of P. yoelii. At least four distinct B-cell epitopes were found to be shared by LSA3 and its putative homologue in P. yoelii, with one found in the repeat region and three occurring in the nonrepeated domains of the protein. Cross-reactivity at the T-cell level, which has been previously suggested (2) , has been confirmed. PBMC from a chimpanzee immunized with the LSA3-NRII peptide, which contains Th and cytotoxic T-lymphocyte epitopes (1), proliferated in a dose-dependent manner in the presence of P. yoelii sporozoites. To our knowledge this is the first molecule described as containing a cross-reactive T-cell epitope between a human and a rodent malaria preerythrocytic antigen. Further, immunoepidemiological and immunization studies have indicated that LSA3 is highly antigenic and immunogenic (1, 2). The same seems to hold true for the P. yoelii homologue, since as few as 150 sporozoites proved sufficient to induce IgG antibodies to several distinct B-cell epitopes.
The most striking feature of the cross-reactivity observed with P. yoelii lies in the biological effect. Thus, naturally acquired human anti-LSA3 Abs inhibit the invasion of hepatocytes by rodent malaria sporozoites. This inhibition is specific and is observed both in vitro and in vivo. Similar in vitro results were found using P. falciparum sporozoites in the inhibitionof-liver-stage-development human hepatocyte assay (V. Pasquetto, unpublished data). The inhibitory activity obtained in vitro is particularly notable for its unusually high level and the low Ab concentrations at which it was obtained. Indeed, these inhibitory levels are among the highest observed in primary hepatocyte cultures (20, 21, 23, 24, 26) and are higher than those obtained so far with human Abs directed to other sporozoite surface antigens (26) .
The in vitro invasion inhibition was confirmed by in vivo studies, which are obviously untenable for P. falciparum in humans, and hereby stresses the value of the P. yoelii-LSA3 model. In our experiments anti-LSA3 Abs purified from the sera of clinically protected individuals, with Ab levels as low as 20 g, were sufficient to provide complete protection to mice against P. yoelii sporozoite challenge. Passive transfer of 1 mg of MAb NYS1 anti-CS protein was employed to obtain 100% protection of mice against a challenge with P. yoelii, but at a lower dose of 125 g, only 67% protection was obtained (7) . In other animal models, protection was achieved in Saimiri monkeys after passive transfer of 2 mg of anti-CS MAb NVS3 directed to the CS protein from Plasmodium vivax (6) . Recently Gantt et al. (18) showed that the MAb F3B5 directed against thrombospondin-related anonymous protein repeat did not inhibit the in vivo infectivity of P. yoelii sporozoites even when incubated at concentrations as high as 500 g/ml. Moreover, polyclonal antisera directed against thrombospondinrelated anonymous protein N10, a region that is highly conserved among Plasmodium species that infect mammals (33), also did not reduce the infectivity of sporozoites in vivo (18) . Furthermore, it has been shown that the precipitin reaction (CS precipitation) can be induced by Abs directed to the surface of sporozoites (30) . This reaction, which immobilizes the a One hundred micrograms of human anti-␤-Gal-DG729 (LSA3) or anti-␤-Gal-DG671 (SALSA) Ab per ml was added to 150 P. yoelii sporozoites, in a final volume of 200 l/mouse, and injected into the tail vein of BALB/c mice. Parasitemia was recorded from day 4 to day 21 after challenge.
sporozoite, inhibits the invasion of the hepatocytes by acting on parasite gliding motility (32) . In the present study, we found that human anti-LSA3 Abs induce the same phenomenon on the surface of P. yoelii sporozoites.
Our knowledge of the critical mechanisms involved in protection against the preerythrocytic stages of either human or rodent malaria remains insufficient. The roles of Abs and various T-cell subsets have been indicated in both situations, but the more critical importance of one over the other remains controversial. It is today generally agreed, however, that Abs most likely play a role, but that their effect is incomplete (16, 29) . The potential of Abs was reinforced in recent clinical trials of a hybrid CS recombinant protein, termed RTS,S, which have clearly demonstrated that CS subunit vaccines can elicit protective immunity that correlates with high levels of anti-CS antibody and CD4 ϩ T cells in the absence of detectable CD8 ϩ T cells (31) . Most of this knowledge is based on anti-CS Abs and to a lesser extent on anti-TRAP-SSP2 or anti-STARP. Few data are available for the LSA3 antigen, which was characterized more recently and which, in contrast to other preerythrocytic malaria molecules, is highly conserved. The underlying mechanism(s) of the protection induced in a reproducible manner in chimpanzees also remains to be elucidated. Results presented here with the P. yoelii LSA3 homologue would suggest that the role of anti-LSA3 Abs against P. falciparum preerythrocytic stages in vivo now deserves to be addressed. In conclusion, this mouse model may be of potential value in the study of the biological activity of immune responses induced by P. falciparum LSA3, where it might be very profitably exploited to assess the actual efficacy elicited by LSA3-based vaccination.
